The excitation spectra in the deformed nucleus 228 Th have been studied by means of the (p,t) reaction, using the Q3D spectrograph facility at the Munich Tandem accelerator. The angular distributions of tritons were measured for about 110 excitations seen in the triton spectra up to 2.5 MeV. Firm 0 + assignments are made for 17 excited states by comparison of experimental angular distributions with the calculated ones using the CHUCK3 code. Assignments up to spin 6 + are made for other states. Sequences of states are selected which can be treated as rotational bands and as multiplets of excitations. Moments of inertia have been derived from these sequences, whose values may be considered as evidence of the two-phonon nature of most 0 + excitations. Experimental data are compared with interacting boson model (IBM) and quasiparticle-phonon model (QPM) calculations and with experimental data for 229 Pa.
I. INTRODUCTION
The nucleus 228 Th is located in a region where strong octupole correlations are important in the properties already of the low-lying excitations. Besides the interplay of collective and single-particle excitations, which takes place in deformed rare earth nuclei, the reflection asymmetry additionally complicates the picture of excitations. Already in an earlier publication [1] , a conclusion was made that the nature of the first excited 0 + states in the actinide nuclei is different from that in the rare earth region, where they are due to the quadrupole vibration. The strong excitations in the (p,t)-reaction suggest that these states represent a collective excitation different from the β-vibration. Decay modes of the levels of the band on the first excited 0 + state in 228 Th have led to the suggestion that this band might predominantly have an octupole two-phonon structure [2] . One has to expect a complicated picture at higher excitations: residual interactions could mix the one-phonon and multiphonon vibrations of quadrupole and octupole character with each other and with quasiparticle excitations. Detailed experimental information on the properties of such excitations is needed. On the experimental side, two-neutron transfer reactions are very useful. On the theoretical side, a test of the advanced interacting boson model (IBM) and a microscopic approach, such as the quasiparticle-phonon model (QPM), would be very interesting.
After the first observation of a large number of excitations with the L = 0 + transfer in the (p,t) reaction seen in the odd nucleus 229 Pa [3] , it was logical to investigate such excitations in the even-even nucleus 228 Th, since 229 Pa corresponds to 228 Th + p, as well as in other actinide nuclei. Such measurements were carried out for the nuclei 228 Th, 230 Th and 232 U, and the results of a limited analysis have been published in [4] (besides the earlier preliminary study of 228 Th and 232,234,236 U in [5] ). The paper [4] concentrated only on the energies of the excited 0 + states in these actinide nuclei and the (p,t) transfer strengths to these states. The (p,t) reaction, however, gives much more extensive information on specific excitations in these nuclei, which was not analyzed previously.
Such information was obtained for
230 Th in our paper [6] after detailed analysis of the experimental data from the (p,t) reaction. For the 0 + excitation, we were able to derive additional information on the moments of inertia, which can be useful in clarifying the structure of these excitations. In this paper we present the results of a careful and detailed analysis of the experimental data from the high-resolution study of the 230 Th(p,t) 228 Th reaction carried out to obtain deeper insight into all excitations in 228 Th. The total picture for 228 Th has to differ from the one for 230 Th, since the first one is considered as an octupole soft and the latter as a vibration-like nucleus. It would be interesting to compare the 0 + excitations in the even nucleus 228 Th and the odd nucleus 229 Pa, the data for which in the low-energy part of excitations are known from the publication [3] .
Information on excited states of
228 Th prior to this study was obtained mainly from the α-decay of 232 U, the β-and EC-decay of 228 Ac and 228 Pa, as well as from the (α, xnγ)-reaction. The most complete information was obtained from the β-decay of 228 Ac reported by Dalmasso et al. [2] and from the EC-decay study of 228 Pa by Weber et al. [7] . The lowest collective bands in 228 Th were studied in the (α, xnγ)-reaction [8] . A total of 58 levels were reported in [2] and 80 levels were observed in [7] below 2.1 MeV, connected by more than 240 γ-rays that were established in these studies. • . Some strong lines are labelled with their corresponding level energies in keV.
Present results, derived from the 230 Th(p,t) 228 Th reaction, lead to about 163 levels in the energy range up to 3.25 MeV. Unfortunately, during the experiment the radioactive target was destroyed and assignments were made only for 106 levels in the range up to 2.5 MeV. Energies and cross sections for one angle were obtained additionally for 57 levels. Besides 0 + excitations, where the number of reliable assignments could be increased for five states in comparison with the preliminary analysis in publication [4] , information on the spins for many other states was obtained. This information was essentially complementary to what was known from publications [2, 7] . Some levels are grouped into rotational bands, thus allowing to derive the moment of inertia for some 0 + , 2 + and 0 − , 1 − , 2 − , 3 − bands. One of the results of Ref. [7] was the establishment of the one-phonon octupolequadruplet with K π = 0 − , 1 − , 2 − , 3 − states. In this paper we suggested the two-phonon octupole-quadruplet with K π = 0 + , 2 + , 4 + , 6 + states.
II. EXPERIMENT, ANALYSIS AND EXPERIMENTAL RESULTS

A. Details of the experiment
A radioactive target of 100 µg/cm 2 230 Th with halflife T 1/2 = 8·10 4 years, evaporated on a 22 µg/cm 2 thick carbon backing, was bombarded with 25 MeV protons at an intensity of 1-2 µA from the Tandem accelerator of the Maier-Leibnitz-Labor of the Ludwig-MaximiliansUniversität and Technische Universität München. The isotopic purity of the target was about 99 %. The tritons were analyzed with the Q3D magnetic spectrograph and then detected in a focal plane detector. The focal plane detector is a multiwire proportional chamber with readout of a cathode foil structure for position determination and dE/E particle identification [9, 10] . The acceptance of the spectrograph was 11 msr, except for the most forward angle of 5
• with an acceptance of 6 msr. The resulting triton spectra have a resolution of 4-7 keV (FWHM) and are background-free. The angular distributions of the cross sections were obtained from the triton spectra at ten laboratory angles from 5
• to 40
• for energies up to 1800 keV, but only at five angles from 7.5
• to 30
• for energies from 1800 to 2500 keV. The energies and cross sections for the states from 2500 keV to 3250 keV were measured only for 10
• . A triton energy spectrum measured at a detection angle of 10
• is shown in Fig. 1 . The analysis of the triton spectra was performed with the program GASPAN [11] . Measurements were carried out with two magnetic settings: one for excitations up to 1.75 MeV, and another one for the energy region from 1.6 MeV to 3.3 MeV, respectively. For the calibration of the energy scale, the triton spectra from the reactions 184 W(p,t) 182 W, 186 W(p,t) 184 W and 234 U(p,t) 232 U were measured at the same magnetic settings. The levels in 230 Th known from the study [6] were also included in the calibration.
From 106 levels identified in the spectra, 60 levels were identified for all ten angles and 46 levels only for 5 angles. They are listed in Table I . The energies and spins of the levels as derived from this study are compared to known energies and spins, mainly from the published data [2, 7] . They are given in the first four columns. The ratios of cross sections at angles 7.5
• and 26
• to the one at 16
• , given in the next two columns, help to highlight the 0 + excitations (large values). The column labelled σ integ. gives the cross section integrated in the region from 7.5
• , where the cross sections are measured for all level energies. The column titled σ exp. /σ calc. gives the ratio of the integrated cross sections, from experimental values and calculations in the DWBA approximation (see Sec. II B). The last column lists the notations of the schemes used in the DWBA calculations: sw.jj means one-step direct transfer of the (j)
2 neutrons in the (p,t) reaction; notations of the multi-step transfers used in the DWBA calculations are displayed in Fig. 3 . Additionally, energies of 57 levels seen only in the spectrum measured at 10
• and corresponding cross sections are listed in Table II . 
B. DWBA analysis
The spins of the excited states in the final nucleus 228 Th were assigned via an analysis of the angular distributions of tritons from the (p,t) reaction. The angular distributions for 0 + excitations have a steeply rising cross section at very small reaction angles, and a sharp minimum at a detection angle of about 14
• . This pronounced feature helped to identify most of these states in complicated and dense spectra, even without fitting experimental angular distributions. No complication of the angular distributions was expected, since the excitation of 0 + states predominantly proceeds via a one-step process. This is not the case for the excitation of states with other spins, where multi-step processes could play a very important role.
The identification of these states is possible by fitting the experimental angular distributions with those calculated in the distorted-wave Born approximation (DWBA). The potential parameters suggested by Becchetti and Greenlees [12] for protons and by Flynn et al. [13] for tritons were used in the calculations. These parameters have been tested via their description of angular distributions for the ground states of 228 Th, 230 Th and 232 U [4] . Minor changes of the parameters for tritons were needed only for some 3 − states, particularly for the states at 396.9 and 1016.4 keV. For these states, the triton potential parameters suggested by Becchetti and Greenlees [14] were used. For each state the binding energies of the two neutrons are calculated to match the outgoing triton energies. The corrections to the reaction energy are introduced depending on the excitation energy. For more details see [6] .
A problem arising in such calculations is the lack of prior knowledge of the microscopic structure of these states. We can assume, however, that the overall shape of the angular distribution of the cross section is rather independent of the specific structure of the individual states, since the wave function of the outgoing tritons is restricted to the nuclear exterior and therefore to the tails of the triton form factors. To verify this assumption, DWBA calculations of angular distributions for different (j) 2 transfer configurations to states with different spins were carried out in our previous paper [6] . The coupledchannel approximation (CHUCK3 code of Kunz [15] ) was used in these calculations. Indeed, the calculated angular distributions are very similar. Nevertheless, they depend to some degree on the transfer configuration, the most pronounced being found for the 0
+ states, what is confirmed by the experimental angular distributions. The best reproduction of the angular distribution for the ground state was obtained for the transfer of the (2g 9/2 ) 2 configuration in the one-step process. This orbital is close to the Fermi surface and was considered as the most probable one in the transfer process. Other transfer configurations that might be of importance are (1i 11/2 ) 2 and (1j 15/2 ) 2 , also near the Fermi surface. Better reproduction of the angular distribution for some 0 + states is obtained just for these configurations. The main features of Table I . See text for further information.
the angular distribution shapes for 2 + and 4 + states are even more weakly dependent on the transfer configurations. Nevertheless the (2g 9/2 ) 2 , (1i 11/2 ) 2 and (1j 15/2 ) 2 configuration, alone or in combination, were used in the calculations for these states too.
Results of fitting the angular distributions for the states assigned as 0 + excitations are shown in Fig. 2 . The agreement between the fit and the data is excellent for most of the levels. Remarks are needed only for the levels at 1531.7 and 2335.9 keV. The spin 3
+ was assigned to the level at 1531.47 keV in [2, 7] . A level at the close-lying energy of 1531.7 keV has been observed also in the (p,t) reaction, but the angular distribution of tritons cannot be fitted by calculations for transition to the 3 + state. The maximum cross section for forward angles suggests the presence of a 0 + excitation, though the angular distribution fitted by a calculation for transfer of the (1i 11/2 ) 2 configuration to the 0 + state is not perfect.
A satisfactory fit of the experimental angular distribution was obtained assuming overlapping states with spins 0 + and 3 + (Fig. 2) , thus confirming the assignment for both states. An ambiguous picture is observed for the 2335.9 keV state, where the angular distribution is measured for a limited range of angles. The fitting agreement is perfect for a transition to the 4 + state, but the cross section is surprisingly large for a 4 + state, twice larger than for the 4 + member of the g.s. band. Therefore, the possibility of a 0 + excitation can not be excluded, but the experimental angular distribution is fitted for a 0 + state only with adding a constant of 14 µb. This ambiguity can be resolved by measurements in wider angular regions.
Thus we can make firm 0 + assignments for 17 states for energies excitations below 2.5 MeV, in comparison with 12 states found in the preliminary analysis of the experimental data [4] . Of course, some higher lying 0 + levels are lost because of the cutoff of the investigated energy Table I ).
region. But as follows from a similar study for 230 Th, only a few 0 + states are observed above 2500 keV, where the density of 0 + excitations decreases for higher energies (or else that the cross section of such excitations is very low and they are hidden in very dense and complicated spectra). Therefore, we can compare 24 0 + states in 230 Th with only 17 0 + states in 228 Th in the same energy region.
Similar to 0 + excitations, the one-step transfer calculations give a satisfactory fit of angular distributions for about 80% of the states with spins different from 0
+ , but about 20% of these states need the inclusion of multi-step excitations. Multi-step excitations have to be included to fit the angular distributions already for the 2 + , 4 + and 6 + states of the g.s. band. Fig. 3 shows the schemes of the multi-step excitations, tested for every state in those cases, where one-step transfer did not provide a successful fit. Fig. 4 demonstrates the quality of the fit of some different-shaped angular distributions for the excitation of states with spin 2 + by calculations assuming one-step and one-step plus two-step excitations, respectively. Results of similar fits for the states assigned as 4 + , 6 + and 1 − , 3 − , 5 − excitations are shown in Fig. 5 . The assignments of the spins resulting from such fits are presented in Table I , together with other experimental data. Special comments are needed for the column displaying the ratio σ exp /σ cal . Calculated cross sections for the specific transfer configurations differ very strongly. Since we have no a priori knowledge of the microscopic structure of the excited states, and thus do not know the relative contributions of the specific (j) 2 transfer configurations to each of these states, these ratios cannot be considered as spectroscopic factors. Nevertheless, a very large ratio, such as in the case of the (1i 11/2 ) 2 transfer configurations used in the calculation for some 0 + and even 2 + and 4 + states, is unexpected. Surprisingly, the shape just for this neutron configuration gives the best agreement with experiment.
Some additional comments on Table I are needed. In all cases, where the firm assignment were known from the previous studies [2, 7] , they are confirmed by the (p,t) angular distribution analysis. In those cases, where two or three possible spin assignments were proposed earlier, the (p,t) angular distribution analysis allows to select only one assignment almost in all cases. For the energies above 2030 keV only the assignments from the (p,t) reaction are possible at present. The following remarks are needed in those cases, where the assignments from different publications are in contradiction, which can be removed using the data from the (p,t) reaction.
938.7 keV. Spin 2 − was assigned for this level in [2] . Our fit of the angular distribution gives reliably spin 0 + in agreement with [7] .
943.8 keV. Spin 2 + was assigned for this level in [2] . The angular distribution rejects this value and agrees with the assignment of spin 1 − accepted in [7] . 968-969 keV. Three levels around 968 keV with spins 2 + , 4 + , 2 − were identified in [7] and two levels with spins 2
. There is a discrepancy in assignment for the 968.33 keV level as 3 − in [2] and as 2 − in [7] . This line is masked in the (p,t) spectrum by a strong line from the transition to the 969 keV level. But since the angular distribution is very well described by a calculation leading to a 2 + state and is not disturbed by a transition to spin 3 − , the assignment 2 − is preferable (transition is weak).
1016.4 keV. The discrepancy in assignment for the 1016.4 keV level as 2 + in [2] and as 3 − in [7] can not be removed by the (p,t) angular distribution, since it can be fitted by a transition sw.ig to 2 + and m3a.gg to 3 − , respectively. However, transitions seen in the decay of 228 Pa [7] from this state to the 5 − and 4 + states leads Table I. to the assignment of 3 − . We accepted this spin also due to strong arguments in [7] , including the assignment of spins 2 − and 1 − to the levels at 968.3 keV and 943.8 keV as members of the K π = 1 − band.
1059.9 keV. From the tentative assignments (4 + , 3 − ) in [2] and the firm assignment 4 − in [7] for this level, the latter has to be additionally supported by the fact, that the corresponding line in the (p,t) spectrum was not seen (transition to the state of unnatural parity).
1225.7 and 1226.56 keV. Spin 4 − was assigned for the level 1226.56 keV in both [2] and [7] . The level with the close energy 1225.7 keV is seen in the (p,t) reaction, but the angular distribution agrees with the assignment of spin 4
+ . Therefore both levels are present in Table I. 1393.4 keV. This level was observed in the decay of 228 Pa with restriction of the spin-parity to 1 + , 2 and 3 − by its population and depopulation [7] . Additional restriction from the W (90 • )/W (180 • ) angular distribution ratio indicates that this level has most likely I π = 1 + and that the 2 + and 3 − assignments are nearly excluded. This level was not observed in the (p,t) reaction, thus supporting such conclusion. Table I. 1415.8 keV. Spin 2 + was assigned to this level in [2] and spins 2 + or 3 − were allowed in [7] . The angular distribution of tritons gives preference to spin 3 − .
1432.1 keV. The discrepancy between 3 + in [2] and 4 + in [7] for the 1432.1 keV level is removed already by the fact of the excitation of this state in the (p,t) reaction, and additionally by the angular distribution leading to the 4 + assignment. Also additional lines observed in the decay of 228 Pa [7] , leading to the 6 + level, confirm this assignment.
1450.29 keV. Spin 3 − was assigned to this level in [2] and spin 4 − in [7] . The fact that this level is not observed in the (p,t) reaction gives preference for an assignment of spin 4
− not excluding spin 3 − .
1531.7 keV. Spin 3 + was assigned for the level at 1531.47 keV both in [2] and [7] . However, the angular distribution of tritons for the level with the close-lying energy 1531.7 keV indicates another spin value. It has a steeply rising cross section at small angles as for a 0 
about 14
• is not sharp. Therefore we assumed an overlapping of peaks of two levels, one of which is a 0 + level. 1643.8 keV. There are two close-lying levels at 1643.18 keV with spin 2 − or 3 − identified both in [2] and [7] and 1643.8 keV, respectively, as identified in [7] with an assignment of possible spins (2, 3, 4) + . Only the level at 1643.8 keV is observed in the (p,t) reaction with clear assignment of spin 4 + . 1733.8 keV. We assumed that the level at 1735.6 keV, identified as a 4 + state in [2] and as 2 + ,3,4 + state in [7] , and the level at 1733.8 keV seen in the (p,t) reaction with an assignment of spin 4 + are identical, though the energy difference is larger than the energy error.
1742.8 keV. Spin 3 was assigned to the level at 1743.86 keV in [2] and spin 4 + in [7] . The angular distribution from the (p,t) reaction prefers the assignment of spin 4
+ . 1758-1760 keV. Several close-lying levels were identified at 1757. 9 + [7] . Different γ-lines were used in the identification of the levels at 1757.9 and 1758.24 keV: 741.9, 1361.4, 1430.0 keV for the first one and 1571.52 and 1700.59 keV for the latter. At the same time, in [2] the line at 1430.0 keV was used for the identification of another level at 1617.74 keV, and the important line at 1758.24 keV was used for the identification of the level at 1944.85 keV. The line at 1758.11 keV can be attributed to the decay of the level at 1758.24 keV, then the spin of this state distinctly has to be 2 + . The ambiguity cannot be solved with the (p,t) data. Therefore we put the level at 1758.1 keV with an assignment of spin 2 + from the (p,t) study in correspondence with the level at 1757.9 keV in [7] , but for the level at 1758.24 keV in [2] we do not exclude the spin 2 + , too. As far as the level at 1760.25 keV is concerned, a spin 2 + can be nearly excluded, since this line is not observed in the (p,t) reaction.
+ , 4, 5 + in [7] . The level at 1796.8 keV with spin 4 + is observed in the (p,t) reaction. It is problematic to put this level in correspondence with one of the observed ones in decay, considering the assignments. Therefore only energetic proximity was taken into account.
1908.9 keV. The level at 1908.4 keV, (3 − ) was identified in [7] , however, a level with almost the same energy of 1908.9 keV as observed in the (p,t) reaction was clearly identified as a 0 + state, they must be considered as a different levels. After the assignment of spins to all excited states, those sequences of states can be identified, which show the characteristics of a rotational band structure. An identification of the states attributed to rotational bands was made on the basis of the following conditions: a) the angular distribution for a band member candidate state is fitted by DWBA calculations for the spin necessary to put this state in the band; b) the transfer cross section in the (p,t) reaction to states in the potential band has to decrease with increasing spin; c) the energies of the states in the band can be fitted approximately by the expression for a rotational band E = E 0 + AI(I + 1) with a small and smooth variation of the inertial parameter A.
keV.
Collective bands identified in such a way are shown in Fig. 7 and are listed in Table III (for a calculation of the moments of inertia). The procedure can be justified in that some sequences meeting the above criteria are already known from gamma-ray spectroscopy to be rotational bands [2, 7] , so similar sequences are rotational bands, too. The straight lines in Fig. 7 strengthen the argument for these assignments. It is worth mentioning, that the assignments of 0 + even for the states at 1531.7 and 2335.9 keV are supported by one 2 + state on top of them. The bands built on states of one-phonon octupolequadruplet (the band K π = 1 − was not correctly identified in [2] ), the band with K π = 0 + , 831.9 keV [2, 7] , K π = 0 + , 938.6, 1120.1 keV [7] and K π = 2 + , 968.8 and 1153.5 keV [2, 7] were identified earlier. Additional levels are added to these bands from the (p,t) study (Table III) . Two bands with K π = 2 + are added in Table III In Fig. 8 we present moments of inertia (MoI) obtained by fitting the level energies of the bands displayed in Fig. 7 by the expression E = E 0 + AI(I + 1) for closelying levels, i.e. they were determined for band members using the ratio of ∆E and ∆[I(I + 1)], thus saving the spin dependence of the MoI. This procedure is valid for all bands except the 943.8 keV, 1 − band. The usual procedure leads to strongly staggering values. In the case of the K π = 0 − and K π = 1 − bands, the Coriolis interaction mixes the band members only for I odd. The I even members of the K π = 1 − band remain unperturbed. In a simple two level model (K π = 0 − and K π = 1 − bands) the following expression can be obtained for the band energies
where
and E ′ 1 are the intrinsic bandhead energies, A 1 is the inertial parameter and C is the strength of the Coriolis interaction, which is believed to be small. An effective parameters of inertia behaves then as
Fitting these expressions to the experimental data gives the smoothly changing values of the moment of inertia between 76.9 and 78.6 as shown in Fig.8 with [2, 7] , have high MoI. The 0 + band at 1120.1 keV, considered as β -vibrational band, has the smallest MoI, close to the one of the groundstate band. At this stage, it is difficult to state a complete correlation between the intrinsic structure of the bands and the magnitude of their MoI. Nevertheless, one can assume for the 0 + bands that some of the larger MoI could be related to the two-phonon octupole structure and the smallest MoI could be related to the onephonon quadrupole structure. The bands with intermediate values of the MoI could be based on the two-phonon quadrupole excitations. If the moments of inertia do indeed carry information on the inner structure of the bands, then the number of excitations with a structure as in the g.s. or β-vibrational states in 228 Th is small.
B. Quadruplets of octupole excitations
The lowest negative-parity excitations with
− are generally interpreted as octupole vibrational. They are one-phonon octupole excitations. The corresponding energies in 228 Th as 328.0, 944.2, 1123.0, and 1344.0 keV were established already in [7] . Here we confirmed these assignments after the removal of some ambiguities. They are the bandheads of the rotational bands which are displayed in Fig. 9 together with the (p,t) cross sections and their parameters A.
In the case of 230 Th, the assumption was made that the strongly excited first 0 + state, together with also strongly excited states with spins 2 + and 4 + , accompanied by somewhat weaker excited state with spin 6 + , belong to the two-phonon octupole quadruplet [6] . Strong excitations and close rotational parameters were the arguments for assigning the same structure to these states. As one can see in Fig. 6 , the first 0 + state in 228 Th at 831.9 keV is also strongly excited. Taking into account the decay properties of the band on this 0 + state, the suggestion was made that this band has an octupole two-phonon structure [2] . The picture for other states is not so transparent. There is no prominent excitation strength of the 2 + and 4 + states just above this 0 + state. The first excited 2 + state, which is not a member of the 0 + band, is the state at 968.8 keV. But the de-excitation of the band built on this state demonstrates the properties expected for a γ-vibrational band. Moreover, its moment of inertia is much smaller than the one derived for the 0 + band at 831.9 keV. For the band built on the 2 + state at 1153.3 keV, the moment of inertia is close to the one of the band built on the 0 + state at 831.9 keV and the state at 1153.3 keV is relatively strong excited in the (p,t) reaction. The 4 + and 6 + states, which do not belong to rotational bands, which are strongly excited in the (p,t) reaction and could be members of the two-phonon octupole quadruplet, are the states at 1643.8 and 1905.8 keV. The level at 1812.7 keV, tentatively assigned as a 6 + state, can be attributed to the band based on the 4 + state, the corresponding inertial parameter again is very close to the one for 0 + and 2 + bands. No members of a rotational band can be related to the 6 + band head at 1905.8 keV.
C. IBM calculations
In the Interacting Boson Model (IBM), the positiveparity states are described by introducing s and d bosons, while for the negative parity states one has to introduce additional bosons with odd values of angular momentum (at least one f boson). In the region of transitional actinides, where octupole deformation might develop, the IBM-spdf (which uses p and f bosons) was applied with success in Refs. [17] [18] [19] .
In the present paper, we adopt the IBM-spdf framework for calculating the low-lying positive and negative parity states in 228 Th. In Ref. [18] , the IBM calculations for this nucleus have been already performed. However, these calculations used only a simplified Hamiltonian to describe the existing (up to that date) electromagnetic data. More recent calculations (which also used a simplified Hamiltonian) [4] indicated that IBM fails completely to reproduce the (p,t) spectroscopic factors. The calculated first excited states were found with a transfer strength of ≃1% of that of the ground state and the higher states were even weaker, whereas experimentally the first excited state is seen with ≃30% of the groundstate intensity. In order to treat these spectroscopic observables in a reasonable approach, we used the method suggested in Ref. [20] , where it was shown that the addition of the second-order O(5) Casimir operator in the Hamiltonian can account for the observed (p,t) spectroscopic factors.
The Hamiltonian employed in the present paper is similar to the one used in Refs. [18, 19] and is able to describe simultaneously the positive and negative parity states:
where ǫ d , ǫ p , and ǫ f are the boson energies andn p , n d , andn f are the boson number operators, κ is the quadrupole-quadrupole interaction strength and a 3 is the strength of the O(5) second order Casimir operator. In the spdf model, the quadrupole operator is considered as being [21] :
The quadrupole electromagnetic transition operator is:
where e 2 represents the boson effective charge. To ensure no-vanishing E2 transitions between the states containing no pf bosons and those having (pf ) 2 components we follow the approach described in Refs. [18, 19] , where the mixing of different positive parity-states with different pf components is achieved by introducing in the Hamiltonian a dipole-dipole interaction term of the form:
is the dipole operator arising from the O(4) dynamical symmetry limit, which does not conserve separately the number of positive and negative parity bosons [21, 22] . This term will also be important later in the calculations of the two-neutron transfer intensities. The interaction strength is given by the α parameter and is chosen to have a very small value, α=0.0005 MeV, similar to Refs. [18, 19] . For the E1 transitions, a linear combination of the three allowed one-body interactions was taken: (8) where e 1 is the effective charge for the E1 transitions and χ (1) sp and χ (1) df are model parameters. The goal of the present paper is to describe simultaneously both the existing electromagnetic and the hadronic (transfer strength) data. To achieve this goal, twoneutron transfer intensities between the ground state of the target nucleus and the excited states of the residual nucleus were also calculated. The L=0 transfer operator may contain various terms, but we shall restrict our operator to the following form:
where Ω ν is the pair degeneracy of neutron shell, N ν is the number of neutron pairs, N is the total number of bosons, and α p , α f , and α ν are constant parameters. The L=0 transfer operator contains two additional terms beside the leading order term, proportional to the bosoniĉ s operator [23] . Details about the contributions of different terms in calculating the (p,t) spectroscopic factors will be given in a forthcoming paper [24] . The calculations were performed using the computer code OCTUPOLE [25] . The Hamiltonian is diagonalized in a Hilbert space with a total number of bosons N B = n s + n d + n p + n f . For the present calculations we used an extended basis allowing up to three negative parity bosons (n p + n f =3). The vibrational strengths used The full spectrum of excited 0 + states obtained in the present experiment is displayed in Fig. 10 in comparison to the corresponding calculated values. In the energy range covered experimentally (up to 2.5 MeV), the IBM-spdf calculations predict 10 excited 0 + states in comparison to the 17 experimentally observed 0 + excitations (firm spin assignment). Given that there was no attempt to fine tune the calculations to the empirical 0 + states, there is no point in invoking a precise energy cutoff for the IBM calculations. Therefore, it is appropriate to look also above 2.5 MeV, where there is a continuous spectrum of 0 + states consisting of 20 states up to 3.3 MeV and as many as 30 up to 4 MeV. The IBM predicts that some of these states are having 2pf bosons in their structure and are related (according to Ref. [18] ) to the presence of double dipole/octupole excitations. For example, the boson admixtures for the first excited 0 + state are n d =4.2, n p =1.4, n f =0.6 in comparison with those for the β-vibrational state as n d =4.5, n p =0.006, n f =0.001. However, the present data cannot allow for a final decision on the nature of the 0 + states. Additional experimental information is needed to measure the branching ratios and the absolute transition probabilities stemming from these states. In Fig. 10 In 228 Th there are no lifetimes measured for the negative-parity states, hence no absolute transition probabilities could be extracted. Therefore we would restrict the present discussion to reproducing the B(E1)/B(E2) ratios. A detailed comparison between the experimental data and the present calculations is presented in Table  IV . The agreement is obtained by using e 1 =0.005 efm and e 2 =0.19 eb as the effective charges in Eq. (8) and (5), respectively. The remaining E1 parameters are χ sp =0.4 and χ df =-1.4.
The B(E1)/B(E2) ratios discussed in Table IV belong TABLE IV 
228 Th. The parameters of the E1 operator are fitted to the experimental data available. Table IV fully confirm this hypothesis, showing that the B(E1)/B(E2) ratios are at least one order of magnitude larger for the K π =0 + 1 band. In Fig. 11 , we display the calculated two-neutron intensities for 228 Th in comparison to the integrated experimental cross sections normalized to that of the ground state. The calculations reproduce the strong excitation of the first 0 + state at 832 keV in good agreement with the experiment. The experimental spectrum of 0 + states is dominated also by a single state located at an energy of 2.1 MeV, showing a high cross section of about 15% of that of the ground state. In the IBM, there is predicted a state located at 2.1 MeV, which have the transfer intensities of about 18%. This state has a double-octupole phonon structure. Another state at 2.29 MeV with a relative cross section of about 7% can be put in correspondence to the predicted in the IBM state at 2.2 MeV also with a double-octupole phonon structure. The run- ning sum in Fig. 11 is taken up to 3.25 MeV, where another group of states with significant transfer strength is predicted by the IBM. The parameters from Eq.(9) were estimated from the fit of the known two-neutron transfer intensities (integrated cross sections) in Table I . The values employed in the present paper are α p =1.3 mb/sr, α f =-0.4 mb/sr, and α ν =0.03 mb/sr. The location and transfer intensity of the strongest states is very well reproduced by the calculations. Because the calculated energy distribution of the 0 + states is underestimating the experimental data, this also affects the fragmentation of the transferred strength. However, the main characteristics are well reproduced by the present calculations.
D. QPM calculations
The IBM is a phenomenological approach. To gain a detailed information on the properties of the states excited in the (p,t) reaction, a microscopic approach is necessary. The ability of the QPM to describe multiple 0 + states (energies, E2 and E0 strengths, two-nucleon spectroscopic factors) was demonstrated for 158 Gd [26] . An extension of the QPM to describe the 0 + states in the actinides [27] was made after our publication on the re-sults of a preliminary analysis of the experimental data [4] . These calculations are used to compare to the present detailed analysis of the experimental data for 228 Th. As for the theoretical basis of the calculations, we refer to the publications [27, 28] .
The experimental spectrum of the 0 + relative level reaction strength for the (p,t) transfer (the ratios of the (p,t) strength for every state to those for the ground state) is compared to the results of the QPM calculations in Fig. 12 . The (p,t) normalized transfer spectroscopic strengths in the QPM are expressed also as ratios
The amplitude Γ 0 (p, t) refers to the transitions to the I members of the ground-state rotational band, i.e. to the ground state at an analysis of the 0 + excitations. The amplitude Γ n (p, t) includes the transitions between the ground state and the one-and two-phonon components of the wave function. The numerical results of the calculations obtained according to the QPM investigation in the publication [27] are provided to us by A. V. Sushkov [29] . The QPM generates 15 0 + states below 2.5 MeV, in fair agreement with the 17 firmly assigned states. The calculations reproduce the strong excitation of the first 0 + state in accordance with the experiment. In Fig. 12 , we present also the increments of the (p,t) strength ratios in comparison to those of the QPM calculated normalized spectroscopic strengths. As one can see, the calculations are in fair agreement with the experiment. The (p,t) strength for the questionable 0 + state at 2335.9 keV does not influence considerably the results of comparison (hence it is not included in the comparison).
Visible deviation of calculated strength from experiment is seen above 2 MeV. Theory predicts many 0 + excitations at higher energies (more than 80 states in the energy range below 4 MeV), but with small strength. At the same time, two strong excitations are observed in the experiment at 2.13 and 2.29 MeV (see Table V ), respectively. It is interesting to note that both the IBM and the QPM predict two strongly excited states and therefore a jump in the increments of the (p,t) strength in the vicinity of 2 MeV, thus reproducing partly the sharp increase in the experimental increment.
In these QPM calculations, the dominant phonon structure of the 0 + states in low part of energies is the one-phonon quadrupole nature. For higher energies admixtures of two quadrupole and two octupole phonons are present in the structure of these states, and for some of the states they became dominant. The relatively modest role of the octupole phonons in the structure of the low energy 0 + states is explained in [27] by the enforcement of the Pauli principle, leading to a spreading of the lowest two octupole phonon components among several QPM 0 + states and pushing them to higher energies. Besides the publication [27] , other calculations of the same Dubna group were carried out for a microscopic description of the level structure, and transition rates between excited states in 228 Th, observed in the decay of 228 Pa [7] . The wave functions, the level energies from two publication in correspondence to the experimental ones and to the transfer factors are given in Table V . The transfer factors and also the moments of inertia are taken into account to put in correspondence the experimental and calculated levels. The large difference in the transfer factors is seen only for two levels at 2131 and 2290 keV. There is an essential difference in the energies of the lowest 0 + states in two publications, as they are more close to the experimental ones in [7] . This is caused by the choice of the isoscalar quadrupole-quadrupole interaction strength stronger than the critical value in Ref. [7] . As a consequence the energy of the lowest collective 0 + state becomes imaginary and its properties such as the structure, E2 reduced transition probabilities and the transfer factor are partially transferred to the next 0 + collective state. Among the transition properties, the calculated B(E1)/B(E2) ratios at the decay of some 0 + states are of special interest in this publication. We present here some data on the B(E1)/B(E2) ratios, in order to note the difference in the explanation of the experimental data by the QPM and the IBM. The calculated ratios for transitions Table V and Table Generally, the QPM is quite accurate in nuclei with small ground-state correlations. These correlations increase with the collectivity of the first one-phonon states, which is exactly the case of the K = 0 − octupole phonon state in 228 Th. To decrease the correlations the value of the octupole-octupole isoscalar interaction strength was diminished so that the calculated energy of the K = 0 − state was almost 200 keV higher than the experimental value [7] . In addition, the effect of multi-phonon admixtures (three and more phonons) that pushes two-octupole phonon poles and consequently two-octupole phonon energies to lower values was then underestimated. In summary, the accuracy of the calculations of 228 Th as stated in Ref. [7] is worse due to the increased ground-state correlations and the shift of two-phonon poles towards smaller energies. In future QPM studies one also has to take into account the spin-quadrupole interaction that is known to increase the density of low-lying 0 + states [30, 31] .
E. To the nature of 0 + excitations At a microscopic approach there can be a few situations of structure of the 0 + states. A β-vibrational mode can be characterized by the relatively small two-nucleon transfer strength and a relatively large B(E2) value with a moment of inertia close to the one of the ground state. The large ratio B(E1)/B(E2) and the increase of the moment of inertia indicate the presence of the octupole twophonon component. If a state has a relatively weak B(E2) value and also a weak two-nucleon transfer strength, but exhibits an increase of the moment of inertia, it should be a state with one dominant 2qp configuration. The pairing vibrational excitations can be characterized by their large two-nucleon transfer strengths and relatively small B(E2) values.
It is clear that the first and second 0 + excited states cannot be the β-vibrational states as usually is observed in deformed rare-earth nuclei since their moments of inertia are much larger than those of the ground state and also their (p,t) strengths are large. The actual β-vibrational state is observed at 1120 keV and it is excited very weakly in the (p,t) reaction. As we have seen, both the IBM and the QPM reproduce the 0 + relative level reaction strength for the (p,t) reaction and the B(E1)/B(E2) ratios of the decay of the lowest 0 + states reasonably well. At the same time, the nature of 0 + excitations in the QPM differs significantly from the one in the spdf-IBM. In all low-lying states of the QPM calculations, quadrupole phonons are dominant and the octupole phonons are predicted to play a relatively modest role, whereas the IBM predicts the lowest 0 + state as having mainly 2pf bosons in their structure [18] . The analysis of the lowest quadrupole phonon wave function in the QPM reveals that the backward RPA amplitudes ϕ contribute considerably to the relative (p,t) reaction strength thus indicating that the lowest excited 0 + state describe pairing vibrations arising from ground state fluctuations [27] .
For an additional hint to the nature of the lowest 0 + states, we include Fig. 13 with the B(E1)/B(E2) ratio stemming from the lowest excited states in 228 Th and 230 Th. Intuitively, one would expect that a large B(E1)/B(E2) ratio might be characteristic for a twooctupole-phonon excitation, whereas a small ratio might indicate a shape oscillation. Such a picture is observed for 228 Th: large B(E1)/B(E2) ratios for the 0 from [3] ) has to be considered additionally (see Fig. 13 ).
Since the ground-state spin in the target nucleus 231 Pa is 3/2 − , just these spins are excited in a two-neutron L = 0 transfer. [3] . It would be interesting to undertake the theoretical analysis of the excitations with the L = 0 + transfer in odd nuclei and first of all in the 229 Pa nucleus. Experimental study of excitations in other odd nuclei, as we have seen, may promise unexpected phenomena.
As for the experimental evidence of the nature of other 0 + states, we have only the moments of inertia derived from the sequences of states treated as rotational bands and thus only tentative conclusions can be drawn about their structure. In contrast to 230 Th [3] , for which they are distributed almost uniformly over the region from 47 to 98 MeV −1 , the moments of inertia in 228 Th have values close to 50 MeV −1 only for the g.s., β-vibrational 0 + states and for the state at 1531.7 keV, all other 0 + states have larger values from 70 to 95 MeV −1 . This fact can indicate that corresponding states are possibly of two-phonon nature too, or two quasi-particle states with an admixture of the pairing vibrations.
IV. CONCLUSION
Excited states in
228 Th have been studied in (p,t) transfer reactions. 106 levels were assigned, using a DWBA fit procedure, additionally only the energies are determined for 57 states. Among them, 17 excited 0 + states have been found in this nucleus up to an energy 2.5 MeV, most of them have not been experimentally observed before. Their accumulated strength makes up for more than 70 % of the ground-state strength. Firm assignments have been made for most of the 2 + and 4 + states and for some of the 6 + states. These assignments allowed to suggest multiplets of states, which can be treated as one-and two-phonon octupole quadruplets, and to identify the sequences of states, which have the features of rotational bands with definite inertial parameters. Moments of inertia are derived from these sequences. Only for the g.s. and β-vibrational states and additionally for the state at 1531.7 keV (for which the shape of the angular distribution is different from most other ones), the moments of inertia are about 50 MeV −1 . For all other states they are larger than 70 MeV −1 , i.e. the value for the first excited 0 + state. This information, together with the spectroscopic information on some γ-transitions, were used for conclusions on the nature of the 0 + states. The experimental data have been compared to spdf-IBM and QPM calculations. Spectroscopic factors from the (p,t) reaction, and the trend in their change with excitation energy, are approximately reproduced by both the IBM and QPM for the 0 + states. A remarkable feature of the IBM and QPM is the prediction of strong first vibrational excitations, close in magnitude and position to the experimental ones. Giving also an approximately correct number of 0 + states, these models provide different predictions for the structure of these states. The lack of additional information does not allow for final conclusions on the validity of the theoretical approaches. Challenging experiments on gamma spectroscopy following (p,t) reactions would give much needed information.
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